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Abstract 
Caprock formations are intended to prevent upwards carbon dioxide (CO2) migration to the surface during CO2 geological 
storage. Caprock interaction with CO2, as well as its potential consequences, requires to be predicted, and thus, need to be studied 
experimentally. Laboratory investigations of caprock behavior are complex due to its low permeability, and the scarcity of 
experimental studies involving high-pressure CO2 injection into caprock representatives puts this difficulty into manifest. In this 
study, we perform laboratory experiments in an oedometric cell on intact and remolded Opalinus clay (Jurassic shale), evaluating 
the breakthrough pressure and permeability for liquid and supercritical CO2. Intact and remolded shale specimens present 
intrinsic permeabilities of 10-21 m2 to 10-20 m2, respectively. Applied axial stress ranges from 27 MPa to 42 MPa and the pressure 
and temperature conditions are representative of a caprock at a depth of 800 m. We found that the microstructure of the caprock 
has a great effect on the material properties. The intrinsic permeability of a more tight material (intact Opalinus clay) is around 
two times lower than that of remolded shale, which has a more open microstructure. Additionally, the intact rock becomes 30 
times less permeable to CO2 than the remolded shale, which implies that the CO2 relative permeability is 15 times smaller for 
intact rock than for remolded shale. On the other hand, CO2 breakthrough pressure for the tighter material is almost three times 
lower than for the more permeable remolded shale. Breakthrough pressure of the remolded shale ranges from 3.9 MPa to 5.0 
MPa for liquid CO2 and from 2.8 MPa to 4.6 MPa for supercritical CO2. For the intact shale, breakthrough pressure is 0.9 MPa 
for liquid CO2 and 1.6 MPa for supercritical CO2. Thus, the breakthrough pressure cannot be correlated with the intrinsic 
permeability of the caprock. 
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1. Introduction 
The main function of a caprock within carbon dioxide (CO2) geological storage systems is preventing or 
minimizing CO2 leakage to the surface within the timescale of permanent storage projects, i.e., in the order of tens 
of thousands of years. However, the buoyancy of CO2, combined with its acidity and potential thermo-mechanical 
effects, may lead to CO2 leakage across the caprock. For example, during the first three years of operation at the 
Sleipner field storage project in the North Sea (Norway), CO2 propagated upwards through several thin caprock 
barriers with a total thickness of 17 meters [1]. Furthermore, there are reported cases of naturally accumulated CO2 
invading caprock formations even at relatively small overpressures [e.g., 2, 3]. Since high pressure and large areal 
extent of CO2 plumes are expected in industrial scale projects, the risk of CO2 propagation into the seal increases. In 
order to plan geological storage projects properly and to perform risk assessment associated with CO2 propagation 
through the caprock, the International Energy Agency [4] suggests that each formation should be investigated in 
terms of its properties (geomechanical and petrophysical) evolution due to interaction with CO2. 
Shales and mudstones are the most typical caprock formations for current and potential CO2 storage sites due to 
their low permeability and wide spread in the Earth crust [5]. Existing studies on clay-rich materials’ interactions 
with CO2 show significant effect of chemical reactions on rock properties and mineral composition [6]. Dissolution 
of carbonate and feldspar minerals within shales is reported, as well as further secondary carbonate precipitation [7]. 
While self-sealing caused by CO2 flow occurs in some occasions due to porosity decrease [e.g., 8] or clogging of 
fractures [9], other studies show increase of permeability and amount of large pores (> 1 ?m) due to interaction with 
CO2 [10, 11].   
Apart from geochemical reactions, cooling of the lower portion of the caprock may occur [12, 13]. Cooling is 
likely to be common because injecting CO2 in liquid state is energetically more efficient than doing so in 
supercritical state (pressure > 7.382 MPa and T > 31.04 ˚C). It is also more optimal from a storage engineering point 
of view because liquid CO2 is denser than supercritical CO2 [14]. As a result, for a given mass of CO2, a smaller 
volume of formation fluid will be displaced leading to a lower overpressure in the reservoir and the increased weight 
of liquid CO2 in the injection well implies that a far lower pressure is required at the wellhead. On the other hand, 
CO2 will generally reach the storage formation at a colder temperature than that corresponding to the geothermal 
gradient, because it does not thermally equilibrate with the surrounding rock as it flows downwards along the 
injection well [15]. The colder CO2 will form a cooler region around the injection well that advances much behind 
the desaturation front [12] and that will cool down the caprock by conduction [16]. Moreover, in the case of 
continuous industrial scale injection, the temperature at which CO2 enters into the storage formation may be 
significantly lower than that of the surrounding rock [14, 17]. Hence, strong cooling of the caprock is likely to occur 
near-the-wellbore and CO2-caprock interaction should also be studied at temperatures below 31˚C (Fig. 1). 
The overarching goal of this study is to identify the main challenges for the caprock integrity (e.g., temperature 
and chemical effects, long-term permeability, strength evolution) and to study them experimentally for a caprock 
representative. In this paper, we concentrate on injection of CO2 inside low-permeable clayey specimens and discuss 
relative permeability to brine and CO2 and CO2 breakthrough pressure. After a brief background section, we 
introduce the properties of tested materials, experimental setup, and methods, and then provide results, discuss them, 
and conclude with projections for further studies. 
 
Figure 1. Sketch of CO2 injection in reservoir rock and its trapping under caprock formation; scCO2 stands for supercritical CO2. 
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2. Background 
Geomechanical response of a caprock to CO2 injection involves studying processes that affect elastic and 
inelastic rock properties and evolution of porosity-permeability relationship [4]. One of the critical parameters for 
the caprock sealing efficiency is breakthrough pressure, i.e., the excess of CO2 pressure above initial pore fluid 
pressure in the caprock that is enough to initiate CO2 flow through the sealing layer. As a result of CO2 (non-wetting 
phase) injection into brine-saturated caprock, its pressure, pCO2, becomes higher than the pressure of brine that 
initially saturates shale, pbr. The difference between the fluid pressure of the non-wetting and wetting phases is the 
capillary pressure 
brCOcap ppp ?? 2 .                                                                                                                                         (1) 
The larger the amount of CO2 that is injected, the more compressed it becomes and the higher is pCO2. Capillary 
pressure rises according to (1), until it reaches the gas entry pressure, pc, and CO2 enters the caprock pore system. 
The threshold capillary pressure pc is an intrinsic property of each particular pore throat, and for an ideal cylinder of 
diameter d, it is given by the Young-Laplace equation,  
d
pc
?? cos4? ,                                                                                                                                         (2) 
where ? is the surface tension acting at the brine-CO2 interface and ??is the contact angle of brine-CO2 surface with 
respect to the solid phase (Fig. 1). Thus, for a given brine-saturated pore throat of diameter d, CO2 will enter into it 
if the CO2 pressure reaches 
d
pp brCO
?? cos4
2
?? .                                                                                                                                  (3) 
A number of studies are dedicated to breakthrough of non-wetting fluids, including CO2, into shales and other 
clay-rich materials. The simplest method suggested by IEAGHG [4] involves prediction of the CO2 entry pressures 
from the knowledge of corresponding interfacial tensions and contact angles and mercury intrusion porosimetry 
results for a given caprock. Additionally, the breakthrough pressure can be measured using direct methods, where 
excess CO2 pressure is slowly and gradually increased until continuous CO2 flow is observed [18]. Tanai et al. [19] 
showed that breakthrough pressures are reproducible, because the pathways created by the first breakthrough 
experiment are further closed by water imbibition in the absence of fabric damage and become drained again for 
successive CO2 breakthrough tests.  
Due to the time-consuming nature of direct breakthrough pressure measurements, Hildenbrand et al. [20] and 
Egermann et al. [21] introduced an indirect experimental technique. They studied a capillary threshold pressure, 
sometimes referred to as snap-off pressure, and  defined the breakthrough pressure as the one at which CO2 stops 
flowing through the specimen after its injection is finished. After ceasing the injection, CO2 upstream pressure starts 
decreasing due to the resistance of capillary pressure within the pore space, but downstream pressure is maintained 
constant (see [22] for details). Application of direct and indirect methods gives different breakthrough pressure 
values for the same material, with variations of 100% and more [23]. Proper explanation of these differences is of 
great importance because reduction in the breakthrough pressure means reduction in the sealing efficiency of a 
geological storage system.  
Apart from the breakthrough pressure, the effectiveness of a seal is characterized by CO2 relative permeability. 
Bocquet and Charlaix [24] demonstrated that the Navier-Stokes equations – and hence Darcy’s law – are valid for 
pore diameters as low as 1 nm, thus are applicable for most of clay-rich materials. An attempt to measure CO2 
relative permeability was performed by Harrington et al. [25], but the low-permeability of shale makes it difficult to 
interpret the results.  
The materials that are considered as potential caprocks for geological storage present permeabilities below 10-18 
m2 and high CO2 entry pressures (~ 1-10 MPa) [26]. The required high-pressure (> 10 MPa) injection tests at 
elevated temperatures (> 32 ºC) representing in situ conditions and long experimental timescales (~ months) limit 
laboratory studies. Nevertheless, comprehensive experimental work should allow for proper description of 
geomechanical and petrophysical properties of clay-rich rocks during CO2 injection.  
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3. Experimental methods 
3.1. Material 
Opalinus clay (shaly facies of Jurassic shale) is a ductile clay-rich (around 60%) material with nano-scale 
porosity of around 0.12 (Fig. 2), permeability ~ 10-20 m2 [27], and predicted CO2 entry pressure in the order of a few 
MPa. Hence, it satisfies the requirements for a potential caprock [26]. In the scope of the current study, two types of 
fully saturated Opalinus clay specimens are investigated: intact and remolded (i.e., reconstituted) rock. The latter 
one is assumed to represent material in proximity of faults and fractures within a shale layer [28]. Remolded shale 
possesses strongly effective mean stress dependent permeability in the range of 10-20 ? 10-18 m2.   
Remolded shale specimens are prepared by crushing the intact material in a grinder and sieving the particles with 
a size smaller than 0.5 mm. Then, brine corresponding to approximately 1.5 times the liquid limit (or 60%) is added 
and mixed with the powder. The obtained clay-rich material is consolidated for at least 72 hours in one-dimensional 
conditions by putting it in the steel-walled tube and applying the axial stress of 350 MPa. The obtained cylindrical 
specimens have porosity of 0.33 and the degree of saturation of 0.85 - 0.90. Crushing of the clay preserves the flake-
like structure of an intact material, but significantly changes the shale properties (e.g., porosity, permeability, bulk 
moduli) at low effective stresses. However, at the high effective stresses, porosity reduces to 0.15, permeability 
drops by two orders of magnitude, and bulk modulus increases by a factor of 200, so the material properties appear 
to be close to those of the intact rock. Additionally, consolidation at high effective stresses makes pore size 
distribution for remolded shale look similar to the one of intact material (Fig. 2b). In this paper, the remolded shale 
is referred to as RS, while the intact shale specimen is called OPA. 
          
(a)                                                                                                                    (b) 
Figure 2. Unconfined shale specimens: (a) surface electron microscopy of OPA with 2500x magnification and (b) mercury intrusion porosimetry 
(MIP) test results on OPA and RS. 
3.2. Experimental apparatus and technique 
Cylindrical specimens (height h = 12.5 mm, diameter D = 35 mm) of remolded and intact shale are prepared and 
loaded in the oedometric cell, which provides zero lateral strain conditions (Fig. 3). The total mean stress P can be 
calculated from the generalized Hooke’s law knowing the applied vertical stress ?ax and Poisson ratio ?, 
axP ??
?
)1(3
1
?
??       (4) 
The upstream and downstream pressure/volume controllers (GDS Instruments, UK) are utilized to induce pore 
pressure inside the rock and measure volume of fluid that enters or leaves the specimen. The syringe pump 
(Teledyne ISCO, USA) is connected in parallel with the upstream pressure/volume controller and is used to inject 
CO2 into the sample. The upstream and the downstream pressure lines are instrumented with valves that can prevent 
the flow and pore pressure transducers providing accurate pore pressure measurements (Fig. 3). In this work, axial 
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stress was imposed in the range from 27 to 42 MPa, pore fluid pressure – from 8 to 20 MPa, and temperature – at 24 
°C and 40 °C. The lower temperature represents near-wellbore case where CO2 is in liquid state, while imposing the 
higher temperature allows studying far-from-the-wellbore case with supercritical CO2. The oedometric cell at the 
EPFL gives an advantage in studying deformation and fluid flow in low-permeable geomaterials due to relatively 
small specimen height comparing to conventional triaxial configurations (12.5 mm vs ~ 100 mm). It reduces the 
experimental time for fluid flow by an order of magnitude and the characteristic diffusion time by two orders of 
magnitude. All the equipment is placed inside a thermostat room providing constant and well-maintained (within 0.2 
°C) temperature during testing and excluding undesirable CO2 phase transition within the system. 
Rock was fully-saturated with the brine having the chemical composition of the formation pore fluid [29] that is 
supposed to have no chemical effect on the material at in situ conditions. Back pressure saturation method is 
implemented for ten days with graduate increase of the upstream and downstream pressures and promoting the flow 
through the specimen. It allows achieving full saturation at brine pressures p > 8 MPa that is confirmed by 
measurements of constant Skempton’s B coefficient values while the effective mean stress (P?) is preserved to be 
constant [30] and equal to 8 MPa. Recorded undrained pore pressure increments are corrected for the influence of 
“dead” volume [31] and provide B = 0.85 for RS and B = 0.81 for OPA, though the latter one might be affected by 
the anisotropy of loading. Effective mean stress and bulk moduli are calculated from applied vertical stress and 
vertical deformation using the following values of drained Poisson ratio ? : 0.30 for RS (at P′ < 1 MPa) and 0.33 for 
OPA (perpendicular to the bedding planes), both measured in conventional triaxial tests. 
     
                                   (a)                                                                                        (b) 
Figure 3. (a) Schematic diagram and (b) photo of the oedometric loading setup at the EPFL that allows studying flow and mechanical properties 
of low-permeable rock saturated with brine and high-pressure CO2. 
Intrinsic permeability, kint, is determined from Darcy’s law after achieving steady-state flow conditions in the 
brine saturated specimens 
tpD
Vhk
diff
br
int ?
??? 24?
?
,                                                                                                                                       (5) 
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where ?br is brine viscosity (0.001 Pa•s) , pdiff  is the differential fluid pressure between downstream and upstream of 
the specimen, and ?V is fluid volume that passed through the sample during the time period ?t. Considering all the 
contributing factors, permeability is measured with an accuracy of 2.5% when the duration of steady-state flow 
exceeds 12 hours. Consistence of measurements is ensured by obtaining constant permeability values with standard 
deviation of 2.5% for several consecutive measurements at constant differential fluid pressure.  
After shale permeability is measured using brine as the only pore fluid, CO2 is injected into the specimen. 
Residual pressure technique for the breakthrough pressure measurements [20] is utilized. The downstream 
pressure/volume controller (Fig. 3) is set to hold the brine pressure at a constant value??8 MPa in this study. The 
upstream CO2 controller is maintaining a pressure that is higher than the downstream brine pressure. It is essential to 
set pdiff larger than the estimated value of CO2 breakthrough pressure pbreak to promote CO2 flow through the rock. 
The valve within the upstream fluid line is then closed and CO2 pressure at the upstream side starts decreasing as the 
flow goes on. As soon as the differential pressure reaches pbreak value, the reading of the upstream pressure 
transducer stops decreasing and maintains a constant value. The downstream pressure/volume controller 
measurements confirm that the fluid flow is blocked by the capillary forces. Measured residual value of pdiff is 
considered as CO2 breakthrough pressure. In the current study, obtained breakthrough pressure values were 
confirmed according to the breakthrough definition: CO2 flow was achieved at pdiff being 0.1 MPa higher than pbreak, 
while no flow was observed at pdiff lower than pbreak. The accuracy of the breakthrough pressure measurements 
improves with the increase in the measured pbreak value, starting from 2% for 0.8 MPa breakthrough pressure. 
Following CO2 breakthrough in the shale, its viscous flow through the material is assumed. The process of 
steady-state flow is described by Darcy’s law with flow in vertical direction only. Darcy’s law for the unidirectional 
case relates the flow rate of the i-th phase ?Vi/?t along considered direction to the gradient of differential fluid 
pressure pdiff/?x, and can be written in terms of relative permeability of the CO2 phase 2rCOk  
tpDk
hV
k
diffint
COCO
rCO ?
??? 22 22
4
?
?
,    (6) 
where ?CO2 is the CO2 viscosity, which range is (7.0 – 9.5)·10-5 Pa•s for liquid CO2 and (2.2 – 7.4)·10-5 Pa•s for 
supercritical CO2 at pressures between 8 and 18 MPa [32]. The intrinsic permeability is assumed to remain constant, 
unless microstructural changes occur inside the specimen. Consistent CO2 permeability values (within standard 
deviation of 3%) obtained during several consecutive measurements at constant differential fluid pressure 
demonstrated relevance of steady-state CO2 flow assumption. 
 
4. Results 
The material properties for remolded and intact shale measured at 27 MPa axial stress and 8 MPa pore pressure, 
which are representative of storage conditions at 800 m depth, are presented in Table 1. The properties of both 
materials are very similar, though the remolded shale has a higher porosity, with better interconnected pores than the 
intact rock, which leads to the permeability increase by almost a factor of two. On the other hand, the geomechanical 
properties of the two specimens are almost identical.  
Table 1: Material properties of intact (OPA) and remolded (RS) shale at ?ax = 27 MPa and p = 8 MPa. 
Material Porosity, 
n [-] 
Permeability, 
k [m2] 
Bulk modulus, 
K [GPa] 
Skempton’s coef., 
B [-] 
Poisson ratio, 
? [-] 
RS 
OPA 
0.15 
0.12 
9·10-21 
5·10-21 
2.5 
2.6 
0.85 
0.81 
0.30 
0.33 
 
Fig. 4a shows residual pressure measurement for RS at 35 MPa axial stress when flowing liquid CO2 through the 
sample. Downstream fluid volume indicates when capillary forces block CO2 flow. The obtained liquid CO2 
breakthrough pressure value of 5.0 MPa is confirmed via the direct method according to the definition of 
breakthrough (Fig. 4b). Downstream volume measurements in Fig. 4b evidence CO2 flow at 5.3 MPa differential 
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pressure, but the flow dramatically decreases at 5.0 MPa differential pressure and completely stops at 4.9 MPa. At 
this point, all brine in the specimen and connected system is CO2-rich, because the chemical effect of CO2 
dissolution is much faster than the mechanical effect of breakthrough.  
    
(a)                                                                                                   (b) 
Figure 4. Measurement of liquid CO2 breakthrough pressure for RS at 35 MPa axial stress. (a) Residual differential pressure is 5.0 MPa, when 
CO2 flow stops; (b) confirmation of 5.0 MPa breakthrough pressure: no CO2 flow at constant differential pressure value of 4.9 MPa. 
The breakthrough pressure for liquid and supercritical CO2 injection are similar regardless of the applied axial 
stress, except for remolded shale under an axial stress of 35 MPa (Fig. 5). Liquid CO2 breakthrough pressure is 
almost 1.8 times higher than that for supercritical CO2 at 35 MPa. In general, a lower breakthrough pressure is 
expected for supercritical CO2 given its lower interfacial surface tension compared to liquid CO2. However, the 
observed difference at ?ax = 35 MPa is larger than expected and might be due to a possible heterogeneity generated 
during the sample preparation of remolded shale. 
 
Figure 5. Summary of CO2 breakthrough pressure measurements: liquid (blue) and supercritical (black) CO2 in remolded (squares) and intact 
(triangles) shale specimens. 
Fig. 6a shows the CO2 breakthrough pressure measurements performed on remolded shale at an axial stress of 35 
MPa for both liquid and supercritical CO2. Breakthrough pressure of supercritical CO2 appears to be lower than that 
of liquid CO2 in remolded shale by almost a factor of two: 2.8 MPa vs 5.0 MPa. The low breakthrough pressure of 
supercritical CO2 suggests that CO2 may penetrate into the caprock, at least in regions where, for some reason, the 
breakthrough pressure is relatively low. 
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                                                   (a)                                                                                                                    (b) 
Figure 6. (a) CO2 breakthrough pressure measurements for remolded shale (RS) at 35 MPa axial stress when flowing supercritical and liquid CO2; 
(b) Supercritical CO2 breakthrough pressure measurements for remolded (RS) and intact (OPA) shale at 42 MPa axial stress. 
Unlike RS, intact Opalinus clay specimen (OPA) is not an artificial rock, but a natural caprock representative. 
CO2 breakthrough is studied for OPA at an axial stress of 42 MPa. Fig. 6b shows the breakthrough pressure 
measurements for OPA and RS for CO2 flow in supercritical state. CO2 breakthrough pressure turns out to be about 
three times lower for intact material than for remolded one: 1.6 MPa for OPA and 4.6 MPa for RS, which may be 
explained by heterogeneity of intact shale specimen where the channels with larger than dominant pore diameter  can 
be found. Further tests are needed to properly assess this observation. 
In the case of CO2 entering into the caprock, the relative permeability to CO2 would control CO2 flow across the 
caprock. CO2 relative permeability in shale is measured when steady-state flow of CO2 through the material has been 
established. The steady-state nature of the flow is ensured once constant permeability values are calculated using 
equation (6) during several consequent time periods (Fig. 7a). Fig. 7b presents the measurements of the product of 
the intrinsic permeability and the relative permeability to CO2 for remolded and intact shale. The only measurement 
for the intact material ? with liquid CO2 ??was conducted at 42 MPa axial stress and resulted in the permeability 
value 30 times lower than that for the remolded material. Laboratory experiments of CO2 flow in RS revealed that 
permeabilities of liquid and supercritical CO2 are almost identical for remolded shale, both showing a decreasing 
trend with increasing axial stress. This trend may be related to pore squeezing, which is expected to be a result of 
axial and, thus, total and effective mean stress increase according to equation (4).  
Finally, the saturation of remolded shale with liquid CO2 is evaluated with the brine imbibition technique. After 
continuous CO2 flow is established in the RS specimen at various differential pressures, the upstream channel is 
closed and brine from the downstream starts replacing CO2 in the pores. The equilibrium in the system (i.e., constant 
downstream volume readings) is reached after injection of 140 – 200 mm3 of brine, which provides the values of 
0.10 to 0.14 for CO2 saturation given that all brine in the system is already CO2-rich. 
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(a)     (b) 
Figure 7. CO2 permeability (product of intrinsic permeability and CO2 relative permeability) for remolded and intact Opalinus clay specimens: (a) 
time-scale for establishing steady-state flow at various differential pressure values for RS at 27 MPa axial stress; (b) summary of permeability 
(product of intrinsic permeability and CO2 relative permeability) measurements for supercritical and liquid CO2 in RS and OPA at a differential 
pressure of 10 MPa. 
5. Discussion and conclusion 
This study highlights the importance of testing shales representative of potential caprocks at realistic conditions 
that may be encountered in actual CO2 storage sites. We have tested both remolded and intact Opalinus clay in the 
oedometric cell at several axial stress values and flowing either liquid or supercritical CO2. Given fixed pressure and 
temperature values, most of the tests provided similar (within 5%) values for CO2 breakthrough pressure measured 
by two different methods: direct (with the establishment of continuous CO2 flow) and indirect (through a residual 
capillary pressure evaluation). From the obtained results, it can be concluded that CO2 breakthrough pressure and 
permeability strongly depend on the caprock microstructure and this relationship appears to be of complex nature. 
This study shows that the intrinsic permeability of a tighter material (intact Opalinus clay) is around two times lower 
than that of remolded shale, which has a more open microstructure. The pore size has a greater effect on the CO2 
relative permeability, because the intact rock becomes 30 times less permeable to CO2 than the remolded shale (Fig. 
7b). This implies that for a similar CO2 saturation, the CO2 relative permeability of intact rock is 15 times smaller 
than for remolded shale. However, CO2 breakthrough pressure for the tighter material is almost three times lower 
than for more permeable material (Figs. 5 and 6b). Thus, the breakthrough pressure cannot be correlated with the 
intrinsic permeability of the caprock, which is sometimes done in literature [33]. Instead, careful investigation of 
CO2 breakthrough and permeability into the caprock has to be conducted, considering various materials under 
different axial and lateral stresses. Such studies require long experimental times given the low permeability of 
shales. Although, proper testing as well as the microstructure evolution investigation are necessary to provide the 
data for improving the fundamental understanding of the phenomena, leading to enhancement in the planning of 
storage projects. 
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